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AN ANALYTICAL EVALUATION OF AIRFOIL SECTIONS
FOR HELICOPTER ROTOR APPLICATIONS

By Gene J. Bingham :
Langley Directorate, U.S. Army Air Mobility R&D Laboratory

SUMMARY

An analytical technique was used to evaluate airfoils for helicopter rotor application.
This technique permits assessment of the influences of airfoil geometric variations on the
drag divergence Mach number at 1lift coefficients from near zero to near maximum lift.
Analytical results presented in this paper indicate the compromises in drag divergence
Mach number which result from changes in (1) thickness ratio, (2) location of maximum
thickness, (3) leading-edge radius, (4) camber addition, and (5) location of maximum cam-
ber for NACA four- and five-digit-series airfoils and some six-series airfoils of potential
interest for helicopters.

Examples of airfoil sections which combine several of the geometric changes favor-
able to both advancing and retreating section performance have been presented. These
sections had thicknesses from 8 to 12 percent chord with maximum thickness at 40 per-
cent chord, standard NACA four- and five-digit-series airfoil leading-edge radius, and
maximum camber at 35 percent chord. The 12-percent-thick section had a higher drag
divergence Mach number than the classic NACA 0012 airfoil at lift coefficients greater
than zero. The thinner sections provided even higher drag divergence at lift coefficients
below 1.0, Although the final selection of an airfoil, or combination of airfoils, for a heli-
copter rotor should be made on the basis of the specific performance requirements, the
methods of analysis employed in this investigation can be rapidly and effectively used with
high confidence during preliminary airfoil selection.

INTRODUCTION

The NACA 0012 airfoil section was used almost exclusively on operational helicop-
ters from 1939 to about 1965. Other airfoils were hardly considered during this period
because aerodynamic problems were secondary to the many mechanical and structural
problems that had to be solved. About 1965, aerodynamic considerations resulted in the
use of the NACA 23012 airfoil on one operational helicopter. Since then, several pro-
-grams have been conducted to improve the aerodynamic characteristics of airfoils for
helicopter rotors and to define a systematic approach to rotor airfoil design and selec-
tion (refs. 1 to 6).
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As part of the continuing effort, an analytical investigation was initiated to define the
lift coefficients and Mach numbers for airfoils of potential interest for helicopter applica-
tion. The primary objective was to determine the effects of changes in airfoil geometric
parameters such as thickness, thickness distribution, leading-edge radius, camber, and
camber distribution on lift—Mach~-number characteristics.

The analysis was based on the drag divergence Mach number prediction techniques
of references 7 and 8. The airfoils considered were from the NACA four-digit-, five-
digit-, and 6-series families reported in reference 9 and are generally consistent with
the pitching-moment coefficient criterion suggested by reference 6. The airfoil coordi-
nates were derived by applying references 10, 11, and 12,

SYMBOLS

Plocal ~ Pw

C static pressure coefficient
p 4 qco

Cp,crest static pressure coefficient at airfoil crest (chordwise station at which airfoil
surface is tangent to free stream)

c chord of airfoil, cm

cq section drag coefficient

c; section lift coefficient

Cm ,ac section pitching-moment coefficient about aerodynamic center

Meyp critical Mach number of airfoil section, free-stream Mach number at which

local sonic velocity is first reached on airfoil surface

de

Mg drag divergence Mach number, d . 0.1
dM,

M free-stream Mach number

Plocal local static pressure, N /mA2

P, free-stream static pressure, N/m2

d. free-stream dynamic pressure s N /m2



R rotor blade radius

X distance measured along airfoil chord, cm

Xerest distance measured along airfoil chord from leading edge to crest, cm
Z distance measured perpendicular to airfoil chord, cm

a angle of attack of airfoil, deg

Y rotor blade azimuth angle (measured counterclockwise from aft blade

position), deg
ANALYTICAL METHOD

Background

In several respects, the airfoil section requirements for a helicopter rotor are more
complex than those for a fixed-wing aircraft. On a single revolution, the sections can
experience lift coefficients from negative values to maximum lift and free-stream Mach
numbers from low subsonic to transonic values (refs, 1 to 6). Representative envelopes
of lift coefficient varying with Mach number at 0.611R, 0,806R, and 1.0R (the rotor tip) and
a flight velocity of 136 knots for a vehicle weight of 2700 kg are shown in figure 1(a) (ref. 5).
At the rotor tip, the airfoil section advancing into the wind operates at a Mach number
near 0.9 at near zero lift coefficient and the retreating airfoil section operates up to a lift
coefficient of 1.4 (near maximum lift) at Mach 0.45.

The drag divergence Mach number Mg for the airfoil section employed has been
superimposed on figure 1(a); the drag divergence Mach number is defined as the free-
stream Mach number at which the rate of increase of drag coefficient with Mach number
equals 0.1. As noted in the figure, beyond about 0.7R to 0.8R, which includes over one-
third of the rotor disk area, the airfoil sections operate at Mach numbers above drag
divergence. Of course, the increase in drag has a prime influence on the power required
to drive the rotor and, thus, on the maximum lift capability, Therefore, an airfoil is
desired which would have the drag divergence Mach number line located at as large a
radius station as possible.

Shown in figure 1(b) is the variation of lift coefficient with Mach number calculated
for a second rotor at 0.95R and a flight velocity of 150 knots for vehicle weights of 5230 kg
and 3420 kg. For the heavier vehicle, the drag divergence Mach number will be exceeded
by the advancing blade only at lift coefficients below 0.8; for the lighter weight, below 0.4.
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Although not shown in the figure, the drag divergence for these cases extends inboard to
about 0.8R. An analysis of this rotor indicates that each increase of about 0.01 in drag
divergence Mach number for the complete lift-coefficient range of figure 1(b) would result
in a 4-percent power saving for these operating conditions. For this analysis, all param-
eters except the drag divergence Mach numbers were unchanged. A larger power saving
would be expected at higher flight velocities or with the configuration of figure 1(a) because
more of the rotor would operate beyond drag divergence.

Because of such potential savings, one objective of the present analysis was to deter-
mine how to increase the drag divergence Mach number. More specifically, the intent
was to determine the influence of the individual variations in airfoil geometric parameters
on drag divergence Mach number, and then to examine them in combination.

Approach

References 7 and 8 show that drag divergence can be predicted at lift coefficients
from zero to near maximum lift if the airfoil static pressure distribution at low subsonic
speeds and the location of the airfoil crest are known. The airfoil crest position for a
selected airfoil and its variation with angle of attack is illustrated in figure 2. The crest
used herein is defined as the chordwise station at which the airfoil surface is tangent to the
free stream. Also, representative subsonic static pressure distributions have been plot-
ted for this airfoil, and the crest static pressure coefficient has been identified,

Drag divergence results from changes in the pressure distribution on the airfoil sur-
face caused by increases in Mach number. At free-stream Mach numbers below M.,
the drag coefficient is generally Mach number independent. (For example, see ref. 13.)
At Mach numbers above M;y, supersonic flow develops in the low-pressure region of the
airfoil, and this region contains alternate expansion and compression waves (refs. 7
and 14), which change the surface pressure distribution. If the entire supersonic flow
region is ahead of the crest, the change with increases in Mach number can cause the drag
coefficient to increase, decrease, or remain constant, Increases, often called the creepy
drag rise, result from net increases in pressure force acting on the frontal area ahead of
the crest, that is, a drag force, Similarly, decreases observed by several investigators
(for example, ref, 13) result from net decreases in pressure force on the frontal area
ahead of the crest, that is, a forward suction force. However, if the net pressure force
is unchanged, the drag coefficient is insensitive to Mach number increases up to the drag
divergence Mach number. As the Mach number is increased sufficiently to cause sonic
flow to extend behind the airfoil crest, the observation is made in reference 7 that the
expansion and compression waves cause the pressure coefficients ahead of the crest to
become less negative and those behind the crest to become more negative, which results
in drag divergence. Also, the shock-wave influences on the drag rise can first appear at
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a slightly higher Mach number than the drag divergence value; thus, the drag divergence
Mach number can be free of the influences of the interaction between the shock wave and
the boundary layer. From the discussion in reference 14, it appears that the majority of
airfoils experience this type of drag divergence. It is suggested in reference 15 that at
the crest, a value of 0.515 for the ratio of local static pressure to free-stream total pres-
sure is more appropriate to predictions of drag divergence than sonic Mach number.

The corresponding Mach number for flow free of shock waves is 1.02. This empirical
criterion was applied to about 30 airfoils, each at several angles of attack, in reference 16
and it was concluded that the analytical results generally agreed with experimental drag-
rise Mach number results within +0.015. Reference 16 defines the experimental drag-rise
Mach number as the value at initial departure from the subcritical M < M., drag coef-
ficient. If the criterion of degy /dM00 = 0.1 had been used, sonic velocity at the airfoil
crest would provide a better correlation of analytical and experimental results than would
the pressure ratio of 0,515, With either approach, differences in drag divergence Mach
number for various airfoils would be approximately the same; as discussed later, differ-
ences or trends resulting from changes in geometric parameters are of prime interest
herein. In the present effort, sonic crest velocity has been used to predict drag-rise Mach
numbers because this method is believed to have a better foundation, based on the discus-
sion in the previous paragraphs.

The lift coefficients also are influenced by the changes in pressure distribution with
increasing Mach number. When supersonic flow develops on the airfoil, the reduced pres-
sure coefficients in the supersonic region cause an increase in the lift coefficient greater
than that predicted by the Prandtl-Glauert factor (ref. 13). This increase continues until
lift divergence occurs, which is evidenced by a reduction in the lift coefficient with further
increases in Mach number at a constant angle of attack. This reduction usually occurs at
a Mach number slightly higher than the drag divergence value; that is, the reduced pres-~
sure region behind the crest that causes the drag rise can have a favorable influence on
lift coefficient.

The variation of pitching-moment coefficient with Mach number is not as clearly
understood as the drag and lift coefficients. Data for some airfoils (ref. 17) suggest the
pitching-moment coefficient would vary according to the Prandtl-Glauert factor; however,
data for others (for example, ref, 13) show different trends.

Application

The application of the analytical approach involves several steps: (1) low-speed

. pressure distributions, lift coefficients, pitching-moment coefficients, and crest location
at selected angles of attack were determined by a compressible-viscous-flow mathematical
model described in reference 18; (2) the pressure coefficient at the crest was identified;
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(3) the Prandtl-Glauert compressiblity factor was applied to the crest pressure coefficient
to determine the free-stream Mach number at which sonic flow would exist at the airfoil
crest (defined as drag divergence Mach number); and (4) the Prandtl-Glauert factor was
applied to the computed lift coefficients to predict the lift coefficients at the drag diver-
gence Mach numbers.

At present, the available aerodynamic computational tools do not permit predictions
of the maximum lift coefficient because the computed results are not valid for cases with
significant boundary-layer separation. In this investigation, results from the mathemat-
ical model with separation forward of 98 percent chord (at a selected Reynolds number
of 10 X 106) are excluded. In instances where the maximum lift coefficient at low subsonic
Mach numbers could be determined from experimental results (for example, from ref. 9),
the application of analytical results was carried to the known maximum lift coefficient.

As previously discussed, the pitching-moment coefficient does not follow that pre-
dicted by the Prandtl-Glauert factor. Therefore, because of the absence of an effective
prediction criterion, the pitching-moment coefficients predicted by the mathematical
model have been employed, Moreover, adequate predictions of drag by mathematical
models are not currently available within the state of the art and, therefore, are not used
in this analysis. As suggested in reference 6, an allowable pitching-moment coefficient
of |0.02| has been adopted in this analysis,

RESULTS AND DISCUSSION

The crest location and the static pressure coefficients at the crest of each airfoil
discussed are presented in figure 3 as a function of lift coefficient. Then, the influence
of the more important independent geometric variables (thickness, thickness distribution,
leading-edge radius, camber, and position of maximum camber) on drag divergence Mach
numbers at various section lift coefficients have been predicted and are presented in fig-
ures 4 to 9. Data are included for NACA four-digit-, five-digit-, and 6-series airfoils to
indicate the generality of the results.

Thickness Variations

The influence of variations in the thickness-chord ratio is presented in figure 4.

The airfoils presented are symmetrical sections; the four-digit and five-digit airfoils have
the same thickness distribution and, therefore, have the same aerodynamic characteristics.
At zero lift coefficient, increasing the thickness-chord ratio from 0,08 to 0.16 decreased
the drag divergence Mach number about 0.08 for the four- and five-digit-series airfoils
and about 0.10 for the 6-series airfoils. The decrease was caused by an increase in the
magnitude of the crest pressure coefficient with increases in thickness (figs. 3(a) and 3(b)).
As the maximum indicated lift coefficient was approached, the crest pressure coefficient

6



trends with increasing thickness reversed which results in a higher drag divergence Mach
number for the thicker sections., Then, the crest is farther aft for the thicker sections

so that the pressure coefficient is of lower magnitude. The results of reference 9 sug-
gest higher maximum lift coefficients for the NACA four- and five-digit-series airfoils
than for the NACA 6-series airfoils of the same thickness ratio., The pitching-moment
coefficient about the aerodynamic center of the symmetrical sections is 0.000.

The effects of changes in the location of maximum thickness are presented in fig-
ure 5. Results are presented for the four- and five-digit airfoils, with the maximum
thickness located from 30 to 50 percent chord as indicated by the last digit of the airfoil
designation. The maximum thickness for the 631-012 and 651~012 sections is at 35 and
40 percent chord, respectively. At zero lift coefficient, the drag divergence Mach num-
ber for the NACA four- and five-digit-series airfoils is increased about 0.03 by moving
the maximum thickness location aft from 30 to 50 percent chord because both the aft move-
ment of the airfoil crest and the accompanying thinning of the leading-edge region resulted
in crest pressure coefficients of smaller magnitude (fig. 3(c)). The increase was slightly
greater at a lift coefficient of 0.4, At higher lift coefficients, the crest was more aft for
the NACA 0012-63 section than for the other two airfoil sections and resulted in a crest
static pressure of smaller magnitude and a higher drag divergence Mach number. The
crest position of the NACA 651-012 section was farther aft than that of the 631-012 sec-
tion only at the lower lift coefficients (fig. 3(d)). However, the magnitude of the pressure.
coefficient of the NACA 651-012 was lower at all lift coefficients analyzed (fig. 5), which
resulted in a consistently higher drag divergence Mach number than for the NACA 631-012
section, From this analysis, it appears that at lift coefficients below 1.3, a maximum
thickness location of about 40 percent chord is a reasonable compromise with respect to
drag divergence Mach number. Again, the absence of camber results in a pitching-
moment coefficient of 0.000.

Leading-Edge Radius

The influence of variations in leading-edge radius is indicated in figure 6 only for
the NACA four- and five-digit airfoils. The 6-series airfoils were excluded because the
leading-edge radjus is not a design variable. The -33, -63, and -93 sections have leading-
edge radii which are one-fourth normal, normal, and three times normal, respectively
(ref. 10). At zero lift coefficient, the drag divergence Mach number increased about 0.02
when the leading-edge radius was increased from one-fourth to three times normal. This
increase resulted from a decrease in magnitude of the static pressure coefficient at the
crest (figs. 3(e) and (f)); the crest location at zero lift was the same for all three sections.
"~ At lift coefficients approaching the maximum, the crest of these four- and five-digit-series
airfoils moved rapidly forward as the leading-edge radius was increased, and the pressure



coefficient increased in magnitude to result in a decrease in drag divergence Mach num-
ber. An increase in leading-edge radius from one-fourth to normal had little influence
on drag divergence for the NACA 23012 airfoil.

Camber

The effects of camber (figs. 7, 8, and 9) were investigated only on the NACA five-
digit and 6-series airfoils because the type of camber for the NACA four-digit airfoils
produces excessive pitching moment for helicopter rotor application. The camber addi-
tion to the airfoils, shown in figure 7, is proportional to the design lift coefficients of 0.0,
0.3, and 0.6 for the NACA 0012-63, 23012-63, and 43012-63 airfoils and to the design lift
coefficients of 0.0, 0.2, and 0.5 for the NACA 631-012; 631-212, a = 0.0; and 631-512,

a = 0.0 airfoils, respectively (ref. 9)., The camber addition caused a decrease in drag
divergence Mach number as great as 0.02 at zero lift coefficient because the magnitude

of the crest pressure coefficient increased. At lift coefficients above about 0.6 for the
five-digit-airfoils (fig. 3(g)) and for all lift coefficients for the 6-series airfoils (fig. 3(h)),
the crest location was moved aft by the addition of camber.

At high lift coefficients, the favorable influence of increased camber resulted from
smaller pressure coefficients at the crest. (See fig. 7.) Although the pitching-moment
coefficient of the NACA 631-512, a =0.0 airfoil exceeded the |0.02| criterion of refer-
ence 6 by a factor of 2, the results have been included to discern the trends. To satisfy
this criterion, the maximum design lift coefficient should be 0.25 instead of 0.5 because
within the linear theory, pitching-moment coefficient is proportional to design lift coeffi-
cient (ref. 9). Also, observe that the NACA five-digit airfoils permit a higher design lift
coefficient than the NACA 6-series airfoils without exceeding the I0.0Z‘ pitching-moment
criterion.

The effect of varying the location of maximum camber is presented in figure 8. The
maximum camber is at 5, 15, and 25 percent chord for the 21012-63, 23012-63, and
25012-63 airfoils, respectively, and at 32.5 and 50 percent chord for the 631-212, a = 0.0
and 631-212, a = 1.0 airfoils, respectively. These locations represent the limits defined
for the standard NACA five-digit- and 6-series airfoils (ref. 9).. At near zero lift coeffi-
cient, the results show that the position of maximum camber (figs. 3(i) and 3(j)) has little
influence on drag divergence Mach number (fig. 8). The most significant influence is at
high lift coefficients for the five-digit sections. At these conditions, the most rearward
position of maximum camber resulted in the most rearward crest locations and the lowest
magnitudes of pressure coefficient and, thus, the highest drag divergence Mach numbers.
The aft movement of maximum camber also increased the pitching-moment coefficient,
but it does meet the {0,02] criterion of reference 6 for the NACA five-digit-series airfoils



presented. The pitching-moment coefficient of the NACA 631-212, a = 1.0 airfoil is
excessive,

In addition to the conventional camber lines, the NACA five-digit airfoil series has -
been provided with a camber line which has trailing-edge reflex (ref. 11). This reflex
permits near zero pitching-moment coefficient at all 1lift coefficients up to the maximum
lift coefficient. At a given lift coefficient, the reflex camber unloads the airfoil trailing-
edge region and, hence, increases the magnitude of the forward upper-~surface pressure
coefficients (fig. 3(k)) compared with those for the conventional camber lines. This for-
ward loading resulted in a corresponding decrease in the drag divergence Mach number at
all lift coefficients, as shown in figure 9 where the results for an airfoil with reflex cam-
ber (NACA 25112-63) are compared with those for an airfoil without reflex camber
(NACA 25012-63). The decrease in drag divergence Mach number varied from 0.025 at
zero lift to 0.01 at high lift coefficients.

Combined Geometry

The influence of combining several of the favorable geometric parameters previ-
ously discussed is shown in figures 3(1) and 10. The thickness distribution of the NACA
four- and five-digit airfoils has been selected to take advantage of the maximum lift capa-
bility at low speeds for the low pitching~moment designs noted previously. The influence
of thickness from 8 to 12 percent chord for these cambered sections is presented. Maxi-
mum thickness was located at 40 percent chord because, as previously discussed, this
position was believed to be a reasonable compromise at lift coefficients below 1.3 (fig. 5).
The standard leading-edge radius was selected because it was near optimum for the
NACA five-digit airfoils (fig. 6). Camber was added to increase the drag divergence at
the higher lift coefficients (fig. 7); however, the camber was limited to satisfy the maxi~
mum pitching-moment criterion of [0.02{. The maximum camber was located at 35 per-
cent chord because of the favorable trends with the aft maximum camber location (fig, 8).
The location of maximum camber at 35 percent chord is more aft than that provided by
the standard NACA five-digit airfoils, The camber line employed was obtained from ref-
erence 19 and was apparently generated by extrapolating the NACA camber-line geometry,

The results obtained with these sections are compared with the classic NACA 0012 section
in figure 10,

The 12-percent-thick combined-geometry airfoil section has a higher drag diver-
gence Mach number than the 0012 airfoil at all lift coefficients greater than zero, For
these configurations, increases in drag divergence Mach number at zero lift can be
. obtained by decreasing airfoil thickness. As discussed previously and as shown in fig-
ure 10, this will result in decreases in drag divergence Mach number at the higher lift



coefficients indicated. The final choice of an airfoil section for a given helicopter rotor
should depend on an analysis of the airfoil section requirements.

CONCLUSIONS

An analytical technique has been used to evaluate airfoils for helicopter rotor appli-
cation. This technique permits assessment of the influences of airfoil geometric varia-
tions on the drag divergence Mach number at lift coefficients from near zero to near
maximum lift. Analytical results presented in this paper indicated the compromises in
drag divergence Mach number which result from changes in (1) thickness ratio, (2) loca-
tion of maximum thickness, (3) leading-edge radius, (4) camber addition, and (5) location
of maximum camber for NACA four- and five-digit-series airfoils and some 6-series
airfoils of potential interest for helicopters.

The results of the airfoil analysis indicated the following conclusions:

1. At zero lift coefficient, increasing the thickness-chord ratio from 0.08 to 0.16
decreased the drag divergence Mach number about 0.08 to 0.10. As the maximum lift
coefficient was approached, the trends with increasing thickness reversed.

2. At zero lift coefficient, the drag divergence Mach number increased about 0.03
by moving the maximum thickness location aft from 30 to 50 percent chord., At lift coeffi-
cients approaching ma.ximum, the trend reversed. It appears that a maximum thickness
location of about 40 percent chord is a reasonable compromise with respect to drag diver-
gence Mach number,

3. At zero lift coefficient, the drag divergence Mach number increased about 0.02
when the leading-edge radius was increased from one-fourth to three times normal. At
lift coefficients approaching maximum, the results indicated a decrease in drag diver-
gence Mach number.

4, The camber addition caused a decrease in drag divergence Mach number as great
as 0.02 at zero lift coefficient. A favorable influence of increased camber was observed
at the higher lift coefficients.

5. At near zero lift coefficient, the results show that the position of maximum cam-
ber had little influence on drag divergence Mach number. At high lift coefficients, the
most rearward position of maximum camber resulted in the highest drag divergence Mach
numbers,

6. A comparison of results for airfoils with conventional camber and with reflex
camber for zero pitching moment indicated that the reflex camber caused a general
decrease in drag divergence Mach number,
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7. By combining several of the favorable geometric parameters, a 12-percent-thick
airfoil section was defined which displayed a higher drag divergence Mach number than
the 0012-63 airfoil at all 1lift coefficients greater than zero. Increases in drag divergence
Mach number at zero lift were obtained by decreasing airfoil thickness; however, as
before, the drag divergence Mach number at the highest 1lift coefficients investigated was
compromised.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., December 2, 1974,
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Figure 2.- Typical analytical pressure distribution for NACA 0012-863 airfoil.
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(b) Influence of thickness ratio; 6-series airfoils.

Figure 3.- Variation of crest loéation and static pressure coefficient

at crest (M, = 0.20) with section lift coefficient.
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(c) Influence of location of maximum thickness; four- and five-digit~series airfoils.
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(d) Influence of location of maximum thickness; 6-series airfoils.
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Figure 3.- Continued.
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(e) Influence of leading-edge radius; four-digit-series airfoils.
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(f) Influence of leading-edge radius; five-digit-series airfoils.

Figure 3.- Continued.
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(g) Influence of camber; four- and five-digit-series airfoils.

1-4.5
NACA airfoit 140
O——— 63012
O — — 63(~212,0=0.0 435
& — 63;-512,a=0.0 '
Cp,crest

Cp crest

(h) Influence of camber; 6-series airfoils.

Figure 3.- Continued.
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(j) Influence of position of maximum camber; 6-series airfoils.
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(k) Influence of reflex camber; five-digit-series airfoils.
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Figure 3.- Concluded.
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Figure 4.- Influence of thickness-chord ratio on variation of
section 1ift coefficient with drag divergence Mach number.
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Figure 5.- Influence of maximum thickness location on variation of
section lift coefficient with drag divergence Mach number.
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Figure 6.- Influence of leading-edge radius on variation of section
lift coefficient with drag divergence Mach number.
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Figure 7.- Influence of camber on variation of section lift
coefficient with drag divergence Mach number,
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Figure 8.- Influence of position of maximum camber on
variation of section lift coefficient with drag diver-
gence Mach number,
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